Inductively Coupled Plasma Atomic Emission Spectrometry (ICP) was adopted for direct analysis of silicate in seawater, eliminating necessity for pre-treatment. Via this method, the determination of silicate is rapid and easy compared with conventional methods of colorimetry. In seawater analysis, a decrease of sensitivity of about 24% was observed due to interference by coexisting elements, mainly Na. Examination of the analytical conditions revealed a detection limit of 0.3 µM Si, and precisions of approximately 3.2, 2.0 and 1.3% for Si levels of 4, 15 and 94 µM, respectively. Using this method, silicate determination in the East China Sea was attempted.
Introduction
Silicate is one of the important parameters which control marine productivity. Many reports have been published on its behavior (e.g. Banahan and Goering, 1986; Demaster et al., 1983; Nelson and Gordon, 1982) . Silicate levels in seawater range from 0 to maximum concentrations of about 240 µM in the Bering Sea (Tsunogai et al., 1979) . Determinations are ordinarily conducted by colorimetric methods. Atkins (1923 Atkins ( , 1926 applied the yellow silicomolybdic acid method to the analysis of seawater and Robinson and Thompson (1948) described the method with minor modifications. Briefly, this method involves the reaction of molybdate with silicate in seawater, resulting in the formation of silicomolybdate complexes having a yellow color. Mullin and Riley (1955) employed the addition of a reducing solution to the silicomolybdate complex to induce a blue color, hereby enhancing sensitivity. Generally, the formation of the silicomolybdate complex requires several hours. AAS (Atomic Absorption Spectrometry) can be adopted for direct analysis of silicate, but seawater samples are not suitable for analysis by the equipment, due to interference by alkali and alkaline earth salts. Separation of a specific element from these salts should be conducted prior to analysis.
In the case of Si determination, the colorimetric methods noted above require the addition of chemical reagents to sample solutions for the formation of complexes. It is sometimes very difficult to obtain silicate-free water or to remove reagent contamination. Consequently, an accurate blank value can not be determined. Separation of a specific element from alkali and alkali earth salts usually requires some kind of treatment, including the addition of chemical reagents. Thus, the risk of reagent contamination should be considerable.
The Inductively Coupled Plasma Atomic Emission Spectrometry (ICP) method has been used since 1964 (Greenfield et al., 1964) . This is a very sensitive method for multi-element determination, and can be applied to seawater analysis. Akagi et al. (1985) have studied the determination of some trace metals in coastal seawater using this method via coprecipitation with gallium hydroxide. This method has an advantage in that seawater and can be introduced to the inside of the plasma torch without separating alkali and alkaline earth salts.
In this paper, a rapid and simple method for the determination of silicate in seawater by ICP was examined. Subsequently, this method was adapted through water samples from the East China Sea.
Experiment

Apparatus and reagents
Analysis of silicate were conducted using the Jarrell-Ash ICAP (Inductively Coupled Argon Plasma Atomic Emission Spectrophotometer)-575 MARK II. Specifications of this equipment are shown in Table 1 . After setting analytical conditions, and making background corrections for wave length spectra in accordance with the standard solution profile, sample or test solutions were introduced via the nebulizer inside the plasma torch. Intensity was measured at 17 mm above work coil and determination of silicate in seawater was made by standard additional methods. All reagents used in this study were of special grade, and a Si standard solution was prepared from a 1000 ppm standard solution (Na 2 SiO 3 in 0.2 M Na 2 CO 3 ) for AAS analysis (Wako Pure Chemical Industries, Ltd.) by diluting with distilled water, prior to each analysis.
Analytical conditions
Analytical conditions were examined using a test solution (about 10 µM Si). The possible effects of gas flow rate (coolant, auxiliary, carrier) and spectral interferences from major elements present in seawater (Na, Mg, K and Ca) were examined in order to determine suitable conditions. Furthermore, parameters such as voltage applied to work coil, integration time for calculation, and output power were checked. Values of silicate determined under these analytical conditions were also confirmed by colorimetric methods.
Field observation
Surface water samples were collected via a clean, plastic bucket at the stations (St. 1-St. 6) shown in Fig. 1 on October 24-25, 1991. In addition, vertical sampling was carried out with GoFlo sampling bottles at St. 7 (see Fig. 1 ) on 25 October 1991. After collection, all samples were transferred to carefully acid-washed plastic centrifuge tubes and frozen immediately to circumvent adsorption to tube walls and/or chemical change until laboratory analysis. 
Results and Discussion
The profile for the Si standard solution analyzed by ICP in this laboratory is shown in Fig.  2 . The detected signal (intensity) shown in this figure is composed not only of emission spectra line originating from the specific element, but also from other components that are not proportional to the concentration of an objective element. If the intensity (concentration) of a certain element is sufficiently high in comparison to the intensity of these other components, this phenomenon can be ignored. A background correction will effectively compensate for this interference. In Fig. 2 the symbol, *, corresponds to the intensity from interferential components. Thus, subtracting signals (intensity) from these components gives a true intensity which depends only on the specific element. L and H show the low and high points of the wave length, respectively, for the background correction sphere. Figure 3 shows the effect of flow rate of coolant gas for Si. Open and closed circles correspond to distilled water and seawater, respectively. Coolant gas is necessary for cooling the quartz torch and preventing air contamination of the argon plasma. When the flow rate is low, emission of NO, NH, or N 2 may be generated due to air contamination. This can cause spectrum interference, so background correction can not be made easily, and a melting of the quartz torch may possibly occur. As shown in Fig. 3 , only a small change of intensity is observed with variations of flow rate of the coolant gas. For the two reasons noted above, flow rates above 12 l/min should be applied.
The auxiliary gas is necessary for the argon plasma to float above the torch and prevents from sticking salts or carbon inside the torch. Therefore, when analysis of a solution containing highly concentrated salts (e.g. seawater) is carried out, the flow rate should be kept high. Although decreasing intensity is observed with increasing flow rate during Si analysis (Fig. 4) , flow rates of more than 0.5 l/min are necessitated. Carrier gas is used to introduce an aerosol (sample) from the nebulizer into the plasma. This flow rate is a main indicator of sensitivity and precision. Variation in intensity as a function of flow rate is shown in Fig. 5 . Open and closed circles indicate distilled and seawater, respectively. The highest sensitivity for Si determination was 0.40 l/min. Figure 6 shows the effects of coexistence elements on the determination of silicate. In this study the effect of Na, Mg, Ca and K were examined because of their abundance in seawater. The Y and X axes indicate relative intensity compared with that of distilled water without any kind of metals, and concentrations of added coexistence elements, respectively. An arrow in Fig. 6 indicates the concentration level of each element in seawater. Interference in determination of Si was observed for every coexistence element examined in this study. At seawater levels, the effect of Na interference is great (about 80%). In Fig. 7 the effects of these elements regarding sensitivity in Si determination are illustrated. In this experiment, filtered seawater (surface seawater of the Kuroshio current), distilled water, and mixed solution, i.e. seawater: distilled water = 1:1 were used. Standard additional methods were adapted, so it is not necessary that the three lines in Fig. 7 start from the origin. Sensitivities (slope) in Fig. 7 are 355, 270, and 300 intensity/1 µM Si for distilled water, seawater, and mixed solution, respectively. These results indicate a decrease in sensitivity (slope) of about 24% in seawater. This should be considered as due to interference from coexistence elements in seawater, which is consistent with the results in Fig. 6 . Therefore, for determination of Si in seawater, calibration curves should be determined using seawater (standard additional methods should be carried out). Figure 8 shows the relationship between applied voltage and the detection limit of the methodology, defined as twice the standard deviation of the blank signal. Results for voltage ranging from 450 to 850 V are depicted. Only slight variations were observed, indicating that any value of applied voltage in this range is acceptable. Though larger intensity can be obtained with increase in applied voltage, in this study, 700 V was adopted for the reasons noted above. Effects of output power (kW) and integration time are shown in Tables 2 and 3 . These experiments were carried out using distilled water. Though the coefficient of variation (CV) increased with additional output power, obtained relative intensities (each intensity was normalized by the value at the output power, 1.8 kW) increased. The CV values for various integration times showed smaller fluctuations with longer integration time. In this study, 1.6 kW and 4 s were adopted for output power and integration time, respectively. In Table 4 , the precision, values of about 3.2, 2.0, and 1.3% are shown as errors in a single determination at Si levels of 4, 15, and 94 µM, respectively. The analytical detection limit of our methodology, as defined in Fig. 8 , was 0.30 µM Si. Table 5 shows a results comparison of Si analysis between the methods used in this study and a previous colorimetric method (Sugawara, 1969) . In this experiment, filtered surface seawater from the Kuroshio current was also analyzed, and the results show good correspondence between the two methods; therefore, the applicability of our method for silicate analysis detailed in this study was confirmed. Isshiki et al. (1991) reported form of dissolved silicon in seawater, resulting in the concentrations obtained by the two methods, ICP and colorimetry were the same within experimental error. This also supports the applicability of determination of Si in seawater via ICP method.
Figures 9 and 10 show concentrations of silicate as a function of longitude and water depth, respectively. Each numeral corresponds to a station in Fig. 1 (Fig. 9) . All samples were filtered through 0.45 µm membrane filter prior to analysis. In Fig. 9 , a decrease in concentration from the western station to the eastern station was observed. The highest value of 19.0 µM at 125.0°E and the lowest of 1.59 µM were obtained at the eastern station (surface). The vertical profile in Fig. 10 indicates a depletion of silicate in the surface water (1.56 µM) and increase with depth to a maximum of about 75 µM near the sea floor. Input from the land or the river, horizontal and vertical convection, or biological activity can be considered to be sources that regulate these distributions. The sensitivity and dynamic range of methods of silicate analysis detailed in this report are well-suited for application to water samples from this area. In the East China Sea, 0.5 and 1.3 µM were determined via ICP in surface water from the Okinawa Trough region (Isshiki et al., 1991) . Our result shows higher value, 19.0 µM at 125.0°E, 32.5°N (in surface water). Further quantitative study should be carried out.
